This paper takes as a starting-point a model where spatial variation in housing prices is explained by urban attraction and labour market accessibility effects.
Introduction
This paper studies to what extent variations in spatial structure and local labour market characteristics systematically affect house prices and how such a relationship should be modelled.
The starting point is an empirical study (Osland and Thorsen, 2008) , based on data from the southernmost county in Norway, where spatial variation in house prices is explained by travelling time from the central business district (CBD) and a gravity-based measure representing labour market accessibility.
The first mentioned variable is interpreted to result from an attraction to urban amenities (an urban attraction effect), while the accessibility measure captures the value of access to labour markets (a labour market accessibility effect) in a complex polycentric geography. The urban attraction effect captures that a range of various urban amenities is found still to be located in the city centre and that the values of these are capitalized into house prices. The measure of labour market accessibility accounts for the fact that jobs are not in general located in a single node of a region .
Both variables are found to contribute significantly to explain regional variation in house prices (Osland and Thorsen, 2008) , along with a set of residence-specific attributes. This paper, however, first considers an evaluation and a modification of the basic model. According to tests for spatial effects (Anselin, 1988) , the model has significant spatial autocorrelation in the residuals. In general, this implies that the ordinary least square (OLS) estimator is biased and/or inconsistent.
One way of proceeding is to introduce specific spatial econometric models to account for the existing spatial effects in the residuals. As two alternative options, the spatial error model or the spatial lag model is commonly applied in these situations (Anselin, 1988; Osland, 2010) . According to LeSage and Pace (2009) , the spatial Durbin model (SDM) is more robust to various spatially related misspecifications.
As a first approach, a SDM is used to disclose spatial effects, and to find additional information via the so-called direct and indirect spatial spillover impacts. This approach is motivated by the existence of significant unexplained spatial effects in the residuals (Anselin, 2002) .
There are few papers on housing markets that apply the SDM. Exceptions are Brasington and Hite (2005) , Osland (2010) and Fernandez-Aviles et al. (2012) . In general, there has been insufficient knowledge about the computation of these impacts and the interpretation of the results from the estimated SDM has frequently been misunderstood (LeSage and Fischer, 2008; Fischer et al., 2009 ). According to Elhorst (2010, p. 26) , "a state-of-the-art application of spatial econometrics should also consider the SDM". Consequently, there is a need for applied spatial econometric analyses focusing on this potentially powerful approach.
Spatial dependence in the residuals could be due to a range of spatial characteristics or features that are not taken explicitly into account in the basic model. As a second, theory-driven, approach, this paper studies whether spatial misspecifications are caused by various local labour market characteristics, not captured by the travelling time to the CBD or the labour market accessibility measure.
The fundamental idea is that labour market accessibility should be defined at two separate spatial levels of aggregation, reflecting a hierarchical, two-step, decision process of residential location choices. As a first step, households determine which parts (for example, municipalities) of the region are relevant to their housing market search. Households are, ceteris paribus, assumed to prefer a location with favourable job opportunities within a reasonable distance from their residential site. This perspective calls for the regionally defined accessibility measure.
The second step of the decision process concerns the choice of a residential site within the relevant search area. It is an ambition of this paper to test for the possibility that local variations in labour market characteristics systematically affect the willingness-to-pay for houses. For this purpose, we propose a set of locally defined measures, to examine how they contribute to explain spatial variation in housing prices and to reduce the spatially related misspecifications of the basic model. 
Theoretical Foundations in the Literature
The standard model of Alonso (1964) represents a hallmark in studying the links between house prices and workplace locations. In this model with monocentric geography, a unit price of housing is declining with increased distance to the CBD. Households living far from the main centre of employment are compensated for higher costs of commuting by a lower price for a unit of housing. However, the relationship between access to employment and housing prices depends inter alia on the characteristics of the study area.
By way of example, urban and regional areas can be monocentric or polycentric and employment can be more or less evenly scattered across the geography. Ahlfeldt (2011) points to the fact that almost all applied housing market analyses use proximity to the CBD as the most important spatial structure price determinant. However, modern urban and regional areas are not generally monocentric. There seems to be an agreement in the empirical literature that polycentricity is the dominant feature . Giuliano et al. (2008) offer an overview of relevant theoretical and empirical literature, while Berliant and Wang (2008) use a dynamic model to explain sub-centre formation.
There is no consensus on how polycentricity should be accounted for in empirical studies of housing markets. Some recent contributions have included gravity-based measures to account for labour market accessibility. Osland and Thorsen (2008) and Ahlfeldt (2011) found that such measures contribute significantly to explaining variations in housing and land values. In addition, Osland and Thorsen (2008) found that spatial variations in housing prices were depending significantly on the distance to the CBD. As mentioned in the introduction, this was interpreted as an urban attraction effect. The measures used in these two papers are global, in the sense that they cover the whole study area. It is probably important that such empirical studies refer to a regional context, covering a connected labour and housing market rather than just an urban area.
The aim of this paper is to study the significance of local labour market characteristics in addition to the global variables. Previous papers that to some extent are parallel to this approach are Dubin and Sung (1987) , Heikkila et al. (1989) , Richardson et al. (1990) , Yinger (1992) , Waddell et al. (1993) , and Krybokov (2010) . Those contributions emphasize the importance of including distance to secondary employment centres in addition to the globally defined CBD gradient. Of special interest for this study is the motivation of the paper by Heikkila et al. (1989) . They distinguish between macro-and microlocational accessibility effects originating from the multipurpose nature of households with more than one worker. They analyse the impact of specific centres in addition to the CBD, assuming that they are complementary and heterogeneous. Recent empirical research (Giuliano et al., 2010) has also found that one single aggregate job accessibility measure contributes little to explaining residential land values. Instead, one should use different job accessibility measures, differentiated by sectors. The differentiations they apply are used as proxies for a range of activities, and "illustrate the various values of access to specific places" (Giuliano et al., 2010, p. 3121) . They conclude, "job accessibilities continue to matter, but in complex ways" because many spatial attributes co-locate (Giuliano et al., 2010, p. 3122 ).
The approach followed in this paper in some respects differs from the already-mentioned research. First, it applies to a relatively transparent central place system, with a dominating city centre rather than a complex metropolitan area; secondly, spatial effects are disclosed from the SDM model; and, thirdly, several possibly relevant local structure characteristics are considered, rather than just the presence of sub-centres.
The Region and the Data
The study area in this paper is the southern part of Rogaland, the southernmost county in western Norway. There are 13 municipalities in the region. Each municipality is divided into postal delivery zones. In all, the region is divided into 98 zones (see Figure 1) . Stavanger is the dominant city in the region, with about 125,000 inhabitants. The region is appropriate for studies of the relationship between spatial labour market interaction and the housing market:
it is an integrated and autonomous region; the landscape is fairly homogeneous; and the topographical barriers protect from disturbances in other regions, rather than causing spatial sub-markets and disconnections in the intraregional transport network. The region is more or less like an island with one dominating city and a tendency for an increasing rural profile as the distance increases from this city centre. Statistics Norway. The national land register contains information on all ground parcels and buildings in Norway. The data from Statistics Norway are based on a questionnaire, which was sent to everyone who had bought a freeholder dwelling in Norway. For more details on those data, descriptive housing market statistics and considerations on whether this is a representative sample, see Osland et al. (2007) and Osland and Thorsen (2008) .
The sub-division of the region into zones corresponds to the most detailed level of information that is officially available on residential and work location of each individual worker within the region. This information is based on the employer-employee register and is provided to us by Statistics Norway. Still, the zones extend over a relatively large area and an interzone rather than intrazone variation in housing prices is considered. This reflects a relatively macroscopic perspective of the geography, where labour market accessibility and potential commuting distances are of vital importance for how readily saleable a house is, and for what price that is achieved.
One ambition in this paper is to extend and modify model formulations that have been tested in previously published papers. For comparison and evaluation purposes, it was suitable to use the same data that were used in our previous housing market studies. The focus in this paper is primarily on modelling and econometric aspects, rather than on updated details on the housing market in the specific region. In principle, a study of detached houses may restrict the analysis to potential purchaser and income groups. However, in Norway in general, and in this prosperous region in particular, a high proportion of the workers live in detached houses. There is no reason to believe that the choice of detached houses restricts the analysis to specific groups of workers. The matrices of Euclidean distances and travelling times were prepared for us by the Norwegian Mapping Authority, who have at their disposal all the required information on the road network and the spatial residential pattern. The calculations were based on the specification of the road network into separate links, with known distances and speed limits, and account for the fact that actual speed depends on road category. Information on speed limits and road categories is converted into travelling times through instructions (adjustment factors for specific road categories) calculated by the Institute of Transport Economics. The centre of each (postal delivery) zone is found through detailed information on residential densities and the road network.
Finally, the matrices of distances and travelling times are constructed from a shortest route algorithm. 
The Basic Modelling Framework
The model formulations to be considered distinguish between two categories of attributes:
(1) the physical attributes of the specific dwelling, and (2) attributes related to spatial structure characteristics and accessibility to labour market opportunities.
In a general form, the hedonic price equation can be written as follows: (1) Here, the price of house in year ; the value of dwelling-specific structural attribute for house in year , where, , ; and the value of location-specific attribute for house in year , where, , .
The model incorporates a set of non-spatial dwelling-specific attributes.
These are the attributes that are available from both the national land register and Statistics Norway. It may of course have added to the explanatory power if we had information on more attributes. However, the following list of attributes has proved to contribute to a satisfactory explanation of housing prices in this region (Osland et al., 2007; Osland and Thorsen, 2008) .
REALPRICE:
Selling price deflated by the consumer price index, base year is 1998.
AGE: Age of building.
LIVAREA: Living area measured in square metres.
LOT: Lot size measured in square metres.
GARAGE: Dummy variable indicating presence of garage.
TOILETS: number of toilets in the building.
REBUILD: Dummy variable indicating whether the building has been rebuild/renovated
In addition to the dwelling-specific attributes, the variable RURLOT is 
According to the idea of a trade-off between housing prices and commuting costs, Osland and Thorsen (2008) introduced a gravity-based measure of labour market accessibility capturing that job opportunities are not solely concentrated in the CBD. In this type of accessibility measure (Hansen, 1959) , travelling time appears through a negative exponential function. Let be the weight attached to travelling time, and the parameter attached to the number of job opportunities, . The accessibility measure, , is then defined as follows. (3) Here, represents the number of jobs (employment opportunities) in destination (zone) .
The measure is based on the principle that the accessibility of a destination is a decreasing function of relative distance to other potential destinations, where each destination is weighted by its size, or the number of opportunities available at the specific location. Hence, it can be interpreted as an opportunity density function, introduced to account for the possibility that the relevant kind of spatial pull originates from several destination opportunities. The basic hypothesis underlying the introduction of the measure is that workers prefer a location with favourable job opportunities within a reasonable distance from their residential site. Hence, labour market accessibility influences the number of households bidding for a house that is for sale, explaining spatial variation in housing prices.
The basic model (BM) used in this paper incorporates travelling time from the CBD, through equation (2) The procedure used in this paper is based implicitly on the assumption of internal spatial price arbitrage (see, for example, Jones, 2002) . This means that implicit prices of specific attributes are assumed to be levelled out through, among other things, migration and commuting decisions in a region with a connected and efficient transportation network. In other words, the approach is based on the assumption of a single competitive market, rather than a set of sub-markets with varying implicit prices. The assumption of spatial coefficient homogeneity is not without exceptions, however. The implicit price of lot size is assumed to differ in rural and non-rural areas. Elhorst (2010) provides an overview of the currently most relevant spatial econometric models. He argues that the SDM is the only model that provides unbiased parameter estimates and correct standard errors, even if the true datageneration process is any of the other mentioned spatial regression models, in which all parameters are identifiable (Elhorst, 2010, p. 14) . This is in line with LeSage and Pace (2009) . They show that the SDM captures the data-generating process even when relevant spatially related variables are omitted from the model formulation.
The Spatial Durbin Model
A range of intrazone local specific positive-or negative-amenity variables could be important. Examples of amenity variables are access to nurseries, schools, shopping centres and a range of neighbourhood characteristics. We have not included such variables in our model. The motivation for this approach is that these kinds of attributes should be reasonably equally present in most of the postal delivery zones, and that the housing market we are studying is fairly homogeneous. If these a priori considerations are not correct, and if these omitted spatially related variables correlate with included variables, the results from the OLS estimations are both biased and inconsistent in the usual way.
The SDM is specified as follows:
In (5), is a vector of observations on prices, is a matrix of observations on independent variables and is the exogenous spatial weights matrix used to specify the assumed spatial neighbourhood structure of the observations.
The expression reflects a hypothesis that the model includes a spatial lagging of the dependent variable, in addition to a spatial lagging of all the independent variables. Commonly used alternative spatial models are the spatial lag and the spatial error model. The spatial lag model contains a spatial lagging of the dependent variable only and the spatial error model contains a spatial lagging of the error term. It is possible to show that the SDM incorporates the two more commonly used models (see Bivand, 1984 and Osland, 2010) . More details on testing and interpretation issues of the SDM will follow in subsequent sections.
Estimation Results and Spatial Spillover Effects from the BM and the Corresponding SDM
OLS results of the BM are documented in Table 1 . As mentioned earlier, the SDM has been shown to be robust to various misspecifications. Notice first from Table 1 that the robust Lagrange multiplier (RLM) tests reported show that there are significant spatial effects in the residuals. These problems may be due to various spatially related misspecifications common to most applied hedonic house price analyses and are an argument in favour of the SDM. To study further this issue of specification, a common factor constraints hypothesis test has been performed (Bivand, 1984; Mur and Angulo, 2006 This is a test of the null hypothesis that the coefficients of the OLS model and the corresponding spatial error model are equal. The null hypothesis has to be rejected and is an additional support of the SDM.
The SDM has been estimated by using a k-nearest symmetric neighbourhood approach in the spatial weights (Bivand et al., 2008) . For k=1 (for example), each observation will have at least one neighbour. A -nearest neighbour is chosen based on metric distances, and distances between neighbours are allowed to vary. We use the number of neighbours that gives the highest log-likelihood value resulting from the estimated SDM. Based on this procedure, we settled on weights . The average is 3.87 neighbours. As is common in spatial econometrics, the weights matrices have been rowstandardised, so that the elements of each row sum to 1. Note that the mentioned testing and estimation procedures have been applied for all model variants (see Section 8.2).
The estimated parameters from the SDM are presented in Table 1 . The log-likelihood value of the SDM of the BM is 359, which is significantly higher than the corresponding value of the BM based on OLS. The spatial autocorrelation parameter is estimated to be significant, but takes a low value.
Note that the estimated parameters from the SDM reported in Table 1 do not equal marginal effects. Hence, we cannot make inferences on the spillover effects based on the estimated parameters only (LeSage and Pace, 2009).
Instead, the computed relevant spillover effects are documented in Table 2 .
The spillover effects are because of the fact that, in the SDM, the price of a house i is a function of the neighbouring house prices through the lagged dependent variable. Neighbouring house prices are also a function of the values of its own attributes. Changing these attributes affect own prices and the price of house i. Additionally, the price of house is dependent on the attribute values of other houses, as expressed through the spatially lagged independent variables. The dimension of the spillover effects depends upon the size of the estimated spatial autocorrelation parameters and the specified neighbourhood matrix (see also LeSage and Fischer, 2008; Kirby and LeSage, 2009; LeSage and Pace, 2009; and Elhorst, 2010) . Thus, despite the fact that most of the lagged independent variables are not significant (see Table 1 ), there may still be some significant spillover effects occurring through the spatially lagged The estimated average impacts from the SDM are reported in Table 2 .
The direct impacts are calculated as the average effect on a house price of a change in each of the explanatory variables related to that house. By way of example, a 1 per cent change in accessibility for house , will on average increase the price of that house by 0.15 per cent. The indirect impact is the effect that this change has on other house prices. The average total impact is the estimated effect on the price followed by a change in each of the variables respectively, over all observations. Hence, a 1 per cent change in accessibility will give a 0.0677 per cent increase in house prices. Finally, the indirect impact is defined as the difference between total and direct impacts.
Except for the variable RURLOT, the indirect impacts are not significant.
The estimated coefficients from the unlagged variables of the SDM (Table 1) are also effectively equal to the computed average direct impacts. Given this knowledge, it would have been possible to use the spatially unlagged parameters from the SDM as indicators of the direct impacts. All the total impacts are significant and have the expected sign.
How equal are the results found in Table 2 to the results found when using OLS coefficients from the BM? All the estimated direct impacts of the SDM are within the 95 per cent confidence interval of the estimated parameters 
Alternative Local Spatial Structure Characteristics
A second approach to remove, or reduce, spatial misspecifications is to introduce characteristics of the spatial structure and the local labour market that are not captured by the travelling time to the CBD or the labour market accessibility measure. In this section, some local characteristics are proposed that might systematically affect individual evaluations and the willingness-topay for a house that is for sale. The hypothesis to be tested is that local variation in such characteristics also influences housing prices in a dataset corresponding to a relatively macroscopic description of the geography. Empirical results are presented in section 8.
Sub-centres
Despite the fact that both employment and population are strongly concentrated in Stavanger and adjacent municipalities, some other regional sub-centres can be identified. Giuliano and Small (1991) focus on how sub-centres typically develop as a conflict between agglomeration forces and congestion effects, and they discuss empirical criteria for identifying sub-centres. Both McDonald (1987) and Guiliano and Small (1991) argue that employment, not population, is the key to understanding the formation of centres and the usual definition of a sub-centre is a set of contiguous tracts with significantly higher employment densities than surrounding areas (McMillen, 2004) . Guiliano and Small (1991) propose criteria based on a specific density cut-off of employees per acre and a minimum level of total employment. Others (for instance, McDonald, 1987 and McMillen, 2001 ) use statistically based criteria to identify sub-centres from estimated employment density functions. The mentioned studies refer to large and complex metropolitan areas, like Chicago (McMillen, 2004) and Los
Angeles (Guiliano and Small, 1991) . Our study area is more transparent and sub-centres can be identified from prior knowledge of the geography. The presence of the two sub-centres is represented by dummy variables 
Local Job Opportunities
It can be argued that the specifications of spatial structure in the BM do not adequately reflect multipurpose decisions within households. Two-worker households might prefer, for instance, residential locations with favourable job opportunities in adjacent neighbourhoods. Short journeys to work facilitate the logistics of running the household and potentially reduce transport costs. One hypothesis is that the probability of receiving relevant job offers locally depends positively on the number of jobs per inhabitant within a zone. This hypothesis is examined through the following model formulation.
LM2: The basic model (BM) extended by a variable (JOB BALANCE)
measuring the number of jobs per worker residing within a zone.
As an alternative hypothesis, this effect could be represented by a simple cumulative opportunities measure of accessibility: for instance, defined by the number of job opportunities reached within a travel time by car of 5 minutes (Handy and Niemeier, 1997) . The sub-division of the geography into rather wide-spreading zones complicates a confident specification of such employment rings, however. If data were available, the measure ideally should also reflect the probability of receiving relevant job offers, capturing both the labour market turnover (vacancies) and the diversity of job opportunities.
Relative Local Labour Market Accessibility
As pointed out by Guiliano and Small (1991) , local sub-centres can also be identified through gravity-based measures of accessibility. Analogously, we characterise the labour market position of a zone through a measure of relative accessibility. Let and where the set of zones with a boundary common to zone .
The relative accessibility of a zone is then defined by:
where is the labour market accessibility of a zone, as defined by equation (3).
A high value of this measure means that the corresponding zone has high local labour market accessibility. LM3 is introduced to test whether this measure contributes positively to explain variation in housing prices.
LM3: The basic model (BM) extended by the variable , reflecting local variations in labour market accessibility.
The alternative local spatial structure characteristics are introduced loglinearly in the corresponding hedonic regression models. 
Estimation Results Based on the Extended Model

Results Based on the Spatial Durbin Model
SDM estimates for LM2 and LM3 are reported in Table 3 ; results for LM1 are reported in Tables 1 and 2 . The results are parallel to those reported for the BM in Table 2 . The spatial autocorrelation parameter is estimated to be significant but takes a low value. All the direct impacts and total impacts take the expected sign. 
Concluding Remarks
The incorporation of local spatial structure characteristics only marginally improves the goodness-of-fit of the hedonic model, compared with the results following from a BM formulation where such local characteristics are not accounted for. This supports a hypothesis that spatial structure is adequately represented by the travelling time from the CBD (TIMECBD) and a measure of labour market accessibility (ACCESSIBILITY), defined at a regional level.
Local spatial structure characteristics might contribute to explaining spatial variation in house prices, despite the fact that they only marginally improve the goodness-of-fit. To some extent, the specification of sub-centres outside the central parts of the region contributes to explain spatial variation in house prices. Similar attraction forces to those identified for the Stavanger CBD were found. The results support a hypothesis that a model specification should account for sub-centres that are located at a greater distance from the central parts of the region. This corresponds to the hypothesis that the impact of variations in distance from the sub-centre is related positively to the distance from the CBD. Including this type of local spatial structure characteristic could be relevant if the ambition is to predict prices at specific locations, such as Egersund in our study area.
Given the existence of spatial effects in the residuals and results from specification tests, SDM models have been estimated. Since the SDM is robust to misspecifications, it allows a study of the extent to which the OLS estimation results are similar to a more general spatial econometric modelling approach.
The results show that the SDM provides interesting and useful information through the calculated impacts of the variables in the hedonic price function.
The analysis using data from the Stavanger region confirmed that the parameter estimates from the BM estimated by OLS are surprisingly robust.
There are some spatially related misspecifications in the OLS model. These misspecifications are minor, however, as the divergences are small between the partial effects estimated by the OLS regressions and the estimated direct or total impacts in the SDM.
The estimation of the SDM significantly improved the model, although the spatial externalities are low in this housing market. There are negative spillover impacts related to locations close to areas with high accessibility. This information is conveyed through the discrepancies between direct impact and total impact of the ACCESSIBILITY variable. Given the data, this type of information is difficult to convey by using a traditional OLS approach, which does not account for general dynamic spatial spillover effects. Without the estimations of the SDM, these nuances would not have been revealed. 
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